When microlnjected foreign genes Integrate into the genomes of mice, multiple copies are frequently found clustered together at one location. How they concatamerize-by the Integration of large linearized concatamers that are formed by simple end-to-end linkage, by circularization of Individual DNA fragments and recombination, or by some other means-Is not understood. In the transgenlc animals studied thus far by ourselves and others, integration frequency and transgene copy number do not seem to be significantly influenced by the complementarity of the ends of the DNA fragments that have been microlnjected. We have utilized PCR amplification and DNA sequence analysis to study selected transgene junctions at the nucleotide level. In two transgenic mice carrying the synthetic RSVcat gene (Injected with noncomplementary overhangs on the fragment ends
INTRODUCTION
Microinjection of purified gene fragments has become a common laboratory technique for producing transgenic animals (1) (2) (3) . In mice, the foreign DNA is inserted into the genome in approximately 10 to 20 percent of the animals born (4) . While the usefulness of the technique in studying gene expression has been thoroughly demonstrated, very little is actually known about how the foreign DNA becomes associated with the animal's chromosomes. Typically several hundred gene copies are microinjected into one of the pronuclei of a recently fertilized ovum. Sometimes a single copy of the gene becomes integrated into the genome. Often, a concatamer of genes is detected in the
MATERIALS AND METHODS Animals
Mouse ova were collected for microinjection 8 to 12 hours after the presumed time of mating (1) (2) (3) . The RSVcat gene (19) , consisting of a Rous Sarcoma Virus promoter fused to the bacterial chloramphenicol acetyltransferase coding region, was microinjected as a 2.7kb fragment at a concentration of 5-10 ng//tl in 10 mM tris, pH 7.4, 0.1 mM EDTA. The gene was purified away from the vector sequences by digestion with PstI and Ndel, generating a 5' overhang of 2 bases at the 5' end and a 3' overhang of 4 bases at the 3' end. Approximately 500 copies of the gene were injected into each ovum. Transgenic mice were identified by dot blot analysis of DNA prepared from tail tissue, and further characterized for gene copy number and integrity by Southern blotting (20) . Figure 1 depicts the relative location of the oligonucleotide primers on the injected RSVcat fragment and their sequences. A typical polymerase chain reaction contained 0.016 ODû nits of each primer and 200 ng of total genomic DNA from tail tissue. Buffer, deoxynucleotide triphosphates and Thermus aquaticus DNA polymerase were from Gene-Amp kits (PerkinElmer Cetus, Norwalk CT) and were used according to manufacturer's protocols. Temperature cycles were carried out in a DNA Thermal Cycler (Perkin-Elmer Cetus) using step-cycle settings of 1.5 min at 94°C (denaturation), 1.5 min at 60°C (hybridization), and 3 min at 72°C (elongation). For amplification of longer target sequences (198/200, 274/200, and 273/199 oligonucleotide primer pairs), the elongation step was increased to 6 min.
Polymerase chain reactions
For DNA sequencing, one member of each pair of oligonucleotides (0.016 OD^ units) was end-labelled in 50 mM Tris, pH 7.5, 10 mM MgCl 2 , 5 mM dithiothreitol, 1 mM spermidine and 35-70 /iCi of gamma 32 P-ATP (>3000 Ci/mmole, New England Nuclear, Boston MA) with 10 units of T4 polynucleotide kinase (New England BioLabs, Beverly MA). Reactions were incubated at 37°C for 30 min and then 65°C for 15 min to denature the kinase. One-tenth volume of the kinase reaction was added directly to the polymerase chain reaction with one-tenth of the typical amount of unlabelled opposing primer.
Quantitation of transgene junctions
Oligonucleotide primers 199 and 200 (0.016 OD 260 units each) were labelled with gamma 32 P-ATP by polynucleotide kinase. After heat denaturation, the kinase reaction was mixed with 2 fig of total genomic DNA from transgenic mouse M2334 or M2315. The primer/DNA mixture was aliquotted to nine parallel PCR reactions. Individual reactions were amplified for 20, 21, 22, 23, 24, 25, 26, 28 or 30 cycles. Equal aliquots of each were electrophoresed on a 6% polyacrylamide gel. Bands were localized by autoradiography, excised, and quantitated in a scintillation counter. The amount of radioactively labelled primer in each band at cycles 20 to 25 was fit, by linear regression, to the equation: logA N = logAo + N [log(R+l)] where N=number of cycles, A N =the amount of radioactivity (CPM) incorporated into the band after N cycles, Ao=the initial amount of target sequence, and R=the efficiency of the amplification reaction (21) . Calculation of the y-intercept gives the value of Log AQ, and calculation of the slope gives the value of log (R+l). Ao is a relative quantity that is useful for comparison within a particular assay. The value of R should approach 100%.
DNA sequencing
After PCR amplification the unincorporated nucleotide and primers were removed with Centricon-30 columns (Amicon, Danvers MA). DNA was electrophoresed on 6% polyacrylamide gels. Bands were visualized by autoradiography, excised, and eluted by the crush-soak method (22) . In some cases purified native fragments were purified further on strand separation gels. Eluted DNA fragments were desalted with NENSORB columns (New England Nuclear). DNA sequencing reactions were carried out as described (23) .
RESULTS
The DNA from eight transgenic mice, created by microinjection of the RSVcat fragment depicted in figure 1 , was tested by the polymerase chain reaction using various combinations of primers. The 199/200 pair of primers was designed to amplify across transgene junctions. Other pairs of primers were designed to amplify internal regions of the RSVcat fragment. The results are summarized in table 1. Four of the mice (Ml863, Ml878, M1882, and M1936) had integrated RSVcat sequences as assayed by dot blot hybridization but gave no positive signal with any of the pairs of primers which were tested. Data from Southern blot hybridizations indicated that these mice had partial or rearranged RSVcat sequences at less than one copy per cell (data not shown). Mice M1927 and M2313 each integrated a partial copy of the middle portion of the RSVcat gene. Although these six mice did not appear to have junction sequences, the presence of inverted junctions cannot be detected by PCR (due to kinetically favored fold-back of individual template strands on themselves) and should not be ruled out.
DNA from two of the founders, M2315 and M2334, each produced multiple bands on a gel when amplified with the 199-200 oligo pair (figure 2). The number of transgene copies estimated by dot blot hybridization was 2-5 for M2315 and 25 for M2334. Southern blot hybridization indicated that the transgenes in both of these mice were integrated as tandem (direct) repeats.
The products of PCR amplifications with M2334 DNA were purified from nondenaturing gels. Denaturation and (19) is shown. The relative location of the oligonucleotide primers used in this study are denoted by arrows. The sequence of each of the primers is shown below. electrophoresis of these purified fragments on strand separating gels showed that bands A and B are heteroduplexes composed of single strands from bands C and D. The relative amounts of the PCR amplification targets were determined as described in Materials and Methods and shown in figure 3. Parallel reactions were stopped after various numbers of cycles and the amount of product was quantitated. Fragments C and D from M2334 accumulate logarithmically from cycles 20 to 25. Bands A and B only become evident after 25 cycles, which corresponds to the cycle when the increase in bands C and D is no longer logarithmic. The efficiency of production of both DNA fragments, under these conditions, was 86%. The AQ ratio for bands C and D is 1.1, indicating that essentially equal amounts of the two different junctions were incorporated in the genome. This mouse was determined to be sterile, since she did not produce any offspring despite repeated breeding attempts.
Similar quantitative analysis of the products of PCR reactions with M2315 DNA showed that bands A through H (figure 2) increased logarithmically from cycles 20 to 25. Band G, which migrated midway between F and H, was visible on autoradiographs but did not accumulate to sufficient quantities to be visible in ethidium stained gels. The other bands seen in figure 2 only became evident after 25 cycles. Some of the products of amplification with M2315 DNA and the 199/200 oligo pair were found to be heteroduplexes of the primary products. Additionally, the structures of some of the primary products (see discussion) allow those templates to produce Table 2 . Initial amounts of target sequences (AQ) and efficiency of amplification (R) for PCR products with the 199/200 oligonucleotide primer pair and transgenic M2315 genomic DNA. The experiment was carried out as described in figure  3 . Sequence data indicates that fragment D represents a mixture of nearly full-length junctions. The DNA sequence of many of the transgene junctions from M2315 and M2334 was determined directly by purifying the PCR products from reactions in which only one strand was labelled by incorporation of a radioactive primer. PCR products were concatamers of ever-increasing length at later cycles of sequenced in both directions by labelling one primer or the other and performing parallel reactions. An unambiguous sequence across the deletion junction could not be attained for bands A, D, and G from M2315. The sequences of bands A and D from M2315 were readable in both directions nearly to the ends of the injected fragment before becoming unreadable. Preparations of band A were presumably contaminated with artifactual bands which were produced in the later cycles. Band D apparently contains a mixture of fragments which differ in length by only a few nucleotides. There was an insufficient amount of radioactivity in band G for sequencing. The sequences of seven of the transgene junction fragments, containing eight novel deletion endpoints, are shown in figure  4 . These sequences are compared to the sequence of the RSVcat plasmid compiled from the GenBank database. Four of the eight deletion endpoints occurred in a dinucleotide which was present at both ends of the linear fragment. Two of the eight deletion endpoints contained a nucleotide at the junction which differed from the consensus sequence. No other base changes were found in these seven fragments. Two of the seven fragments contained two junctions. As depicted in pan A of figure 4, these fragments (2315B and 2315C) start at the 199 oligo and extend nearly to the PstI site at the end of the injected fragment. They are then joined to plasmid sequences upstream of the oligo 199 binding site. The sequences continue through a second oligo 199 binding site and are joined to the opposite end of the next gene fragment at different nucleotides.
The junction in fragment 2315H is identical to the second junction (II) in fragment 2315C. The latter fragment undoubtedly arose by amplification from the internal 199 oligonucleotide binding site. Internal amplification of the second junction of fragment 2315B is expected to produce a fragment of the same size as 2315D. This sub-fragment of 2315B is presumably one of the mixture of fragments in the 2315D preparation.
In addition to the junctions that were sequenced, amplification of M2315 DNA with the 274/200 oligonucleotide pair produced a fragment of approximately 480 bp. The restriction map of this fragment indicated that it arose from a junction in which the Ndel end had been joined to RSVcat sequences approximately 1430 bp upstream of the PstI end.
DISCUSSION
Seven different junction fragments between integrated RSVcat genes in two transgenic mice were characterized at the level of DNA sequence. Several interesting features emerged. In no case was the sequence of the original microinjected fragment completely conserved; deletions of 1 to 62 bases from each end occurred. The distribution of deletion endpoints appears to be random. A single base mutation (transversion) of the last base at the 3' end of the fragment occurred in two of the junctions. In both instances the mutation is found in what was originally the overhanging 3' portion of the PstI sticky end. The exact location of four of the junctions could not be determined since joining occurred in a dinucleotide that could have come from either of the two ends of the linear DNA fragment. As discussed below, these dinucleotide repeats may have provided limited homology to facilitate ligation of the altered ends.
The transgene junctions characterized here serve as examples of some of the complexities involved in the incorporation of foreign microinjected DNA into the genome. Genomic DNA from mouse M2334 contained two different transgene junctions with equal copy numbers. This mouse had approximately 25 copies of the transgene arrayed in tandemly repeated units. At the nucleotide level, junction formation appears to be a random process. The simplest explanation for the low number of junctions in this mouse is that an initial three-gene concatamer, containing one copy of the 2334C junction and one copy of the 2334D junction, was amplified by DNA replication. Expansion of transgene complexes by unscheduled localized DNA replication has been postulated by others (24) .
Mouse M2315 integrated the RSVcat DNA in a dramatically different fashion. This mouse was highly mosaic, and analysis of the accumulation rates of PCR products indicates a 30-fold range in the abundance of junction templates. In other words, these junctions were fixed into the genome at different times in the early developmental period of this animal. We envision two different scenarios to explain this difference in copy number. A large concatamer may have initially integrated at one unstable site and portions of the complex were subsequently deleted in a subset of cells in the early zygote. A transgenic mouse with a germline that was mosaic for a deleted form of the transgene complex found in somatic tissue has recently been described (25) . In the case of transgenic mouse M2315, the junctions in the 2315B and C fragments would then be the products of separate and imprecise deletion events that removed most of a transgene segment.
Alternatively, the junctions in the 2315B and C fragments may have been created extrachromosomally and recombined with the original integrant at a later developmental time. These junctions _would-theftbe4r4e^recluct&of-end-J0ining-reactions betweeirthe ends and double-stranded breaks within the microinjected DNA. Transfected DNA undergoes fragmentation (26, 27) and it is not unreasonable to assume that microinjected DNA suffers the same type of damage.
PCR artifacts
The polymerase chain reaction technique made direct sequencing of the junctions possible, but it also produced some artifactual bands. The primary artifacts were heteroduplexed copies of different junctions. These fragments contain loops of singlestranded DNA which cause them to migrate anomalously on polyacrylamide gels (28) (29) (30) . This was confirmed by sequence analysis. As the amplification products accumulate during the cyclic reactions, they eventually become able to compete with the oligonucleotide primers for binding to template DNA. The correspondence between the appearance of the heteroduplexes and the change from logarithmic to linear amplification suggests that this competition eventually limits further amplification.
We have also found that amplification of segments of DNA containing direct repeats (e.g., fragments B and C from M2315) can give rise to PCR products of ever-increasing length. The products of amplification can hybridize out of register such that the oligo 199 binding site at the 3' end of one strand base pairs with the internal oligo 199 sequence on the other strand. This produces a hybrid with a large 5' overhang containing the region between the two oligo 199 sequences. The action of DNA polymerase on the 3' end would add another copy of the segment between the two oligo 199 sequences. Thus, the strand that was originally synthesized from the oligo 200 primer would be lengthened. The possibility that amplification products act as primers in subsequent cycles to create artifacts has been noted by others (31) (32) (33) . Performing fewer rounds of PCR to insure that samples are taken during the logarithmic phase of amplification reduces the incidence of both of these types of artifacts.
Mechanisms of concatamer formation
The copy-choice (or strand slippage) model of DNA replication has been evoked as a model for nonhomologous recombination (34; 35, and references therein). Junctions which arise from this model usually display short homologies of more than four base pairs. This mechanism could explain two of the junctions between transgene segments described by Wilkie and Palmiter (5) . Our junctions, however, are unlikely to have arisen by this mechanism because the maximum homology at any of the junctions is only two base pairs.
Topoisomerase I can mediate illegitimate recombination in vitro (36) . Junctions that are formed by excision and circularization of integrated SV40 DNA are associated with topoisomerase I cleavage sites (37) . Cleavage sites for topoisomerase I are difficult to predict, however, because the enzyme recognizes a degenerate sequence in vitro. None of the transgene junctions in this study correspond to the consensus sequence (A/T,G/C,T/A,T) for the strongest cleavage sites. Furthermore, the region of SV40 DNA contained in the RSVcat construct around the Pst I site has been tested for cleavage by wheat germ and rat liver topoisomerase (38) . There is no strong association between the junction endpoints and cleavage sites in this region.
An interesting observation is that two sequences with strong homology to chi sites occur within 62 nucleotides of all of the sequenced junctions. Chi sites act as recombinational hotspots -irrbacteriophage-lambdat39). These sites have-also 1>een noted near other transgene junctions and have been suggested as helping to mediate transgene concatamerization and/or integration (5). Computer-assisted scanning of the microinjected RSVcat fragment revealed that it contains 15 sites with at least 75% (6/8 bases) homology to the chi consensus sequence (5'GCTGGTGG3'; ref. 40) . The best match occurs between the oligo binding sites 197 and 274 (refer to figure 1). Amplification reactions using the 198/200 and 273/199 oligo pairs did not detect any junctions involving the ends of the injected fragment and this internal site.
The junctions between these transgene segments closely resemble those seen when transfected linear DNA is circularized in tissue culture cells (13) . In this report, it was found that DNA fragments with a 3' overhang on one end and a 5' overhang on the other end were circularized by two different mechanisms. Approximately half the junctions were formed by homologyindependent abutting of overhanging ends. The remainder were termed homology-dependent because they contained one to six base pairs of homology at the junction. In our study of transgene junctions formed in microinjected zygotes, four out of eight junctions are of the homology-dependent type. They contain two base pair homologies at the crossover site. The remainder of the transgene junctions are of the homology-independent type. It is of interest to note that all of these latter type junctions retain some portion of the Pstl overhanging end. Homology-independent endjoinings in tissue culture cells nearly always retain the full overhangs of both ends (13) . Also, the terminal nucleotide in two of the homology-independent transgene junctions was mutated. Mutated nucleotides were not observed in tissue culture.
The simplest explanation of the end-joining mechanism is a combination of exonuclease and ligation activities. Homologyindependent joining would arise by ligation of DNA molecules with ends which are blunt or contain different types of overhanging ends. The exonuclease(s) may occasionally produce DNA molecules with compatible overhanging ends which.could be joined by sticky-end ligation (homology-dependent joining). The dinucleotide repeats at some of the junctions are indicative of this joining mechanism.
CONCLUSION
The mosaic nature of transgene complexes that have undergone deletions or additions of transgene segments at later stages of zygote development may go undetected by Southern blot analysis unless the mosaicism is present in the germline. Quantitation of different junction fragments by the more sensitive PCR amplification technique would be useful for detecting mosaic transgene structures in somatic tissues. Complications may be generated, however, due to the presence of cells of separate developmental origins in most tissues.
The integration of foreign microinjected DNA into the genomes of mouse embryos is a complex multistep process; evidence presented here indicates that alternate pathways to the end product are possible. It is unknown if the types of junctions we have described are general structures or are peculiar to this set of microinjections. The junctions in one mouse described by Wilkie and Palmiter (5) are distinctly different from the junctions characterized in our study. The ability to directly sequence junctions via PCR will allow the characterization of more junctions produced by other types of microinjected fragments.
